We have tested the suggestion that the reported increase, in hypoxic rats, in the number of lung endocrine cells immunoreactive for the regulatory peptide CGRP is caused by an accumulation of peptide within the cells which renders them more detectable, rather than by a real increase in proliferation. The incorporation of continuously infused 5'-bromodeoxyuridine (BrdU) into nuclei of CGRP-containing cells was studied by immunohistochemistry in the airway and respiratory epithelium of rats kept in a hypoxic (10% O2), normobaric conditions for 7 days and in normoxic, normobaric controls. Some CGRP-immunoreactive cells could also be labelled for BrdU. However, the ratio of the number of cells labelled with both CGRP and BrdU to the number of cells labelled with CGRP alone did not differ significantly between hypoxic and normoxic rats (7.1 4-_ 0.7 and 6.1 ___ 1.2, respectively; mean+ SEM; P=0.49). These data strongly suggest that CGRP-containing endocrine cells or their precursors do proliferate in adult rat lung, but that the proliferation is not increased significantly in hypoxia.
Endocrine cells in the intrapulmonary airway epithelium have been identified in man, several other mammalian species, reptiles, birds and amphibians. They are present as single cells or as clusters that are reported to be innervated Lauweryns and Cokelaere 1973; Hung et al. 1973; Hung 1980) . These clusters have been termed neuroepithelial bodies (NEBs) Lauweryns and Peuskens 1972) and are made up of cylindrical or cuboidal non-ciliated epithelial cells.
To discriminate neuroendocrine cells from other epithelial cells in the respiratory tract, the Grimelius and Offprint requests to: D.R. Springa11 other argyrophilic methods (Lauweryns etal. 1972; Hage 1974; Moosavi et al. 1973) as well as general neuroendocrine markers have been used. Antibodies raised against neuron-specific enolase (NSE) (Sheppard et al. 1983; Gosney etal. 1988) , chromogranin (Lauweryns et al. 1987) , synaptophysin (Lee et al. 1987 ) and proteingene-product 9.5 (Springall et al. 1988 ) have been successful tools to demonstrate this cell type. The first biologically active secretory product to be reported in pulmonary endocrine cells was serotonin (Lauweryns and Cokelaere 1973; Lauweryns et al. 1986; Sundler etal. 1980 ). It was not until bombesin-like immunoreactivity was localized to some of these cells that peptide storage was unequivocally established (Wharton et al. 1978) . Since then, many other biologically active peptides have been reported in lung endocrine cells, including calcitonin (Gosney and Sissons 1985; Becket et al. 1980; Cutz et al. 1981) , leucine-enkephalin (Cutz et al. 1981) , and calcitonin-gene-related-peptide (CGRP) (Cadieux et al. 1986) . CGRP is unique in being present not only in many solitary endocrine cells and NEBs but also in the sensory innervation of the respiratory tract of several mammals (Cadieux et al. 1986; Lundberg etal. 1985; Uddman et al. 1985) . The function of the endocrine cell type in the lung is still a matter of discussion. Atrophic effect of its secretory peptides on the nearby tissues has been proposed (Cutz 1982) , as well as a chemoreceptor role, e.g. to decreased oxygen concentration in the air, in a similar way to that of the carotid body sensing blood gases (Lauweryns and Cokelaere 1973; Lauweryns and van Lommel 1983) . Although there are contradictory reports, several authors have shown that more numerous endocrine cells can be detected in the epithelium of the airways in various experimental conditions, for instance in hypoxia (Keith and Will 1982) . Nevertheless, the data concerning the mitotic activity of the lung endocrine cells in hamsters seem to point to an apparent mitotic arrest for this cell type at some point during fetal development (Hoyt et al. 1990) . A plausible explanation for the apparent contradiction of increased, nondividing cells is that the studies reporting hyperplasia of endocrine cells usually detect the cells by visualization of their characteristic products. Alterations in the intracellular content of these products leading to altered detectability of the cells could cause errors in estimating changes in the actual cell numbers (Springall et al. 1988 ). If proliferation is genuine, then endocrine cells must be shown undergoing cell division. In the present study, techniques have been adapted to measure the proliferation of CGRP-immunoreactive (CGRP-IR) cells in the respiratory tract of the rat. The aims were to find out, firstly, whether or not endocrine cells proliferate in rat adult lung and, secondly, if the proliferation rate is different in hypoxic conditions.
One of the several techniques available to study cell proliferation is the immunocytochemical detection of the incorporation of an analogue of thymidine, 5'-bromodeoxyuridine (BrdU), during the S-phase of the cell cycle. In 1982, monoclonal antibodies specific for 5-bromodeoxyuridine were first produced and applied for the immunocytochemical detection of DNA-replication (Gratzner 1982) . Since then, BrdU monoclonal antibodies have been increasingly used to study proliferation. Immunocytochemistry for BrdU incorporation is an accurate method for detecting the proliferating cells; its rationale and main technical features have been extensively reviewed (Silvestrini et al. 1988; Moran et al. 1985; Veronese et al. 1989 ).
Materials and methods

Animals
Wistar rats (specified pathogen free, male, 20~250 g, n = 11) were used for the present study. Animals were exposed to hypoxia (n = 5) or maintained in normoxic conditions (n=6) in the same room. Animals were caged singly or in pairs and were allowed food and water ad libitum.
BrdU treatment
BrdU (B 5002, Sigma Chemical Co, St. Louis, USA, 7 mg/ml saline) was continuously administered intravenously by means of osmotic minipumps (model 2ML1, Alzet, Charles River, UK). The delivery duration is seven days at a rate of 10 gt per hour. Each pump was filled with 2 ml of the BrdU solution before implantation subcutaneously into the back of each rat. The jugular vein was exposed and a catheter connected to one end of the pump was inserted into the vein. After closing the wound with sutures, the animals were left to recover for 24 h before the experiment was pursued. One normoxic control animal was implanted with an osmotic minipump filled with saline and connected by cannula to the jugular vein in an identical manner.
Experimental hypoxia
Five animals were maintained for 7 days in a sealed normobaric chamber at 10% oxygen as previously described (Emery et al. 1981 ; Winter et al. 1985; Springall et al. 1988) . Carbon dioxide was absorbed with soda lime and the chamber cooled by refrigerator units to 2-3 ~ C above ambient. Water vapour was removed with silica gel. The chamber was opened occasionally for cleaning and replenishment of food and water.
Processing of the tissues
At the end of the hypoxic period the animals were sacrificed by an intraperitoneal overdose of sodium pentobarbital. The thorax was opened and the heart was removed. The right ventricle and the left ventricle plus septum were separated and weighed. The extrathoracic trachea was exposed, the larynx was cut and a cannula passed into the trachea. The lungs were then distended with Bouin's fluid until they filled the thoracic cavity. The trachea was ligated and the lungs removed from the animal and immersed in Bouin's fixative for 4 h. A coronal slice (3 mm thick) of each lobe at the level of the hilum was sectioned and washed extensively in 30% ethanol in water. The tissue was then processed for paraffin embedding. Non-serial 5 ~tm thick sections were cut and placed on poly-L-lysine coated slides (Huang et al. 1983 ). Sections were stained by haematoxylin/eosin or immunocytochemical techniques.
Immunocytochemistry
Double immunostaining for CGRP and BrdU was carried out by means of simultaneous peroxidase anti-peroxidase (PAP) detected by hydrogen peroxide and diaminobenzidine (DAB) with nickel enhancement (Hsu and Soban 1982) and alkaline phosphatase antialkaline phosphatase (APAAP) (Mason and Sammons 1978; Mason et al. 1983 ) detected by naphthol AS-TR phosphate and hexazotised New Fuchsin. This double immunostaining demonstrated CGRP-containing cells in black (PAP) and BrdU nuclei in red (APAAP). Rabbit anti-rat c~CGRP (Ref 1204) and a mouse monoclonal antibody to BrdU (RPN-202; Clone BU-1; Amersham International, Amersham, UK) were used. Although all the commercially available antibodies to BrdU recognise the BrdU only on monostranded DNA, and thus require acid or enzymatic pretreatment of the sections to denature the nucleic acid, the antibody that we have used does not require this step because the solution provided by the company already contains nucleases; after titration studies, the optimal dilution for our material was 1/12. In summary, the staining protocol was as follows. After rehydration and blocking of peroxidases (0.3% H202, 30 min), the tissues were incubated with 2% normal goat serum (NGS) in PBS (0.01 M phosphate buffer, pH 7.4, 0.15 M NaC1) containing 0.1% bovine serum albumin for 30 min. After blotting excess serum from the sections, the mixture of diluted primary antisera (anti-CGRP at final concentration of 1/4000 and anti-BrdU at final concentration 1/12) was applied and left overnight at 4 ~ C. Sections were then washed with PBS and incubated with the second layer antibody mixture: goat anti-rabbit IgG (61-003-2; ICN Biomedicals Inc, Bucks, UK) and goat anti-mouse IgG (ICN 9642), both at a final concentration of 1/100 for 30 min. Sections were then washed twice (5 min each) in PBS and once in TRIS-buffered saline (TBS, 0.05 M, pH 7.6). A mixture prepared in TBS of (a) soluble complexes of calf intestinal alkaline phosphatase and mouse monoclonal anti-alkaline phosphatase (D 651; Dakopatts, Glostrup, Denmark) (1/50) and (b) soluble complexes of horseradish peroxidase and rabbit antihorseradish peroxidase (ICN 61-242) (1/200) was subsequently applied for 30 min. Both the last two incubations of the APAAP technique (goat anti-mouse IgG and APAAP complexes) were repeated for 15 rain each. After final washes in TBS (2 • 5 rain), development of alkaline phosphatase was performed to give a red end-product. The sections were incubated in a developing mixture (Malik and Damon 1978) consisting of 10 mg naphthol AS-TR phosphate, first dissolved in 0.2 ml of dimethyl formamide, in 40 ml TRIS/HC1 buffer (0.2 M, pH =9.2) to which 0.5 ml of freshly made hexazotised New Fuchsin was added. The mixture was filtered onto the sections and the reaction was completed in 25-35 min. The staining was controlled microscopically. Sections were then rinsed in running water and brought to acetate buffer (0.1 M pH 6) for the peroxidase development. The peroxidase was revealed using a solution made from 400 ml of the same acetate buffer containing 250 mg 3,Y-diaminobenzidine tetrahydrochloride, 10 g ammonium nickel sulphate, 800 mg/~-D-glucose, 160 mg ammonium chloride and 12 mg glucose oxidase (Hsu and Soban 1982) for 15-20 rain with microscopical control. Sections were not counterstained. The slides were dried in air at 37 ~ C, cleared briefly in inhibisol and mounted with DPX.
For each rat, 24 non-serial sections were stained. The following controls were performed: (1) Staining of sections from one of the normoxic animals that was given intravenous saline instead of BrdU. (2) Staining of sections with omission of one of the incubation steps. (3) Staining of sections using CGRP antiserum absorbed with rat eCGRP (1 10 nmol/ml diluted antiserum) for 16 h prior to the immunostaining and BrdU antibody similarly absorbed with BrdU.
Quantification and statistical analysis
After the staining of every set of 80 sections (one set per reagent batch), microscopical screening was carried out with a 20 x objective to identify the single (CGRP) and double (CGRP plus BrdU) immunostained cells. Sections were scanned in a regular raster pattern to ensure that cells were not counted twice. Whenever CGRP staining was detected, a higher magnification was used (x 40) in order to check and count the cells. Only cells in which the nucleus could be seen were counted. The total numbers of cells, and the numbers in each cell cluster, in the conducting airways and in the respiratory area were recorded separately. The observer had no prior knowledge of the experimental group or rat number. Randomly selected slides were subsequently double-checked to test the variability in the counts from one counting session to another. The average area of the sections counted was measured as described elsewhere (Springall et al. 1988 ). Right ventricular hypertrophy was assessed as the ratio of the weights of right ventricle to left ventricle plus septum (RV/LV + S) for each animal.
Statistical significance of the difference was calculated by Student's t-test. The proportion of proliferative endocrine cells (number of double-stained cells divided by total number of CGRP stained cells) in the conducting airways, the respiratory epithelium and the combination of both was obtained for every section. The mean percentage of proliferative cells in the CGRP-IR population was calculated for percentage of proliferative cells in the CGRP-IP population was calculated for each rat, averaging the partial means of the three batches of sections. Student's t test was used to assess the significance of any differences between the data obtained for hypoxic and normoxic rats. Power analysis (i.e., the probability of detecting a given difference at a chosen significance level) was carried out according to Lachin (1981) . The normality of the samples was tested (Royston 1983) to confirm that the other statistical analyses were applicable.
Results
Endocrine cells immunoreactive for CGRP were present in variable numbers in all of the sections counted. Although the mean number of CGRP-immunoreactive cells per unit area of lung was higher in hypoxic rats (228 _+ 20 cells/cm 2, mean + SEM) than in normoxic rats (197___13), the difference was statistically non-significant. Most of the cells were arranged in clusters. The clusters were groups of cells located either linearly within the airway epithelium in the same plane as the rest of the epithelial cells, or heavily packed in a mass of cells that protruded towards the lumen in a characteristic way. This was a feature of the clusters present in conducting airway and respiratory epithelium; some scattered isolated cells could be seen in both localizations.
The bigger clusters (more than 8 cells) were found in significantly higher percentage in conducting airways than in respiratory epithelium (19_+2% and 8_+2% of the total groups, respectively; mean_+ SEM). The mean variation in the proliferation data obtained after counting the same randomly selected slides in two different counting sessions was always less than 11% and occurred in the same sense for sections from hypoxic and normoxic animals. In total, 6039 CGRP-immunoreactive cells were counted. No immunostaining was detected in sections stained using primary antibody that had been absorbed with homologous antigen, with one exception. Scattered cells with the morphological appearance of macrophages were seen in lung tissue stained with anti-CGRP, either absorbed or not.
Endocrine cell proliferation
CGRP was stained in black by means of the nickel enhancement of the peroxidase reaction and BrdU incorporation was shown in red by the alkaline phosphatase immunoreaction (Figs. 1-4) . BrdU incorporation into CGRP immunoreactive ceils was clearly demonstrated in hypoxic (Figs. 1, 3 ) and normoxic (Figs. 2, 4) rats at both levels, airways and respiratory epithelia, by means of the double immunocytochemical technique. Although most of the double-immunostained cells were clearly shown, careful observation with a high magnification objective was required to classify the cells, e.g., not to miss weak BrdU staining, and to distinguish isolated CGRP-immunoreactive cells from the scattered nonspecifically CGRP-positive alveolar macrophages. Although not a constant feature, the labelled endocrine cells tended to be located near to the periphery of the group. BrdU-positive nuclei located very closely to the grouped or solitary endocrine cells were also frequently found (Figs. 1, 3, 4) . These BrdU-positive nuclei of CGRP-negative epithelial cells were present at the periphery of the group, and, in the case of the airway groups were also located apically. At the light-microscopical level, it was very difficult, if not impossible, to distinguish the limits of the cells comprising the cluster and their neighbour cells. For this reason, in the quantification study, the BrdU-stained nuclei present among or located very closely to the endocrine cells were only considered as double-stained cells if at least half of the perimeter of the nucleus was clearly surrounded by cytoplasmic CGRP immunoreaction. Mitotic figures were not detected among the CGRP-positive cells observed. By contrast, the non-endocrine cells adjacent to the endocrine cluster were occasionally seen undergoing mitosis. Pairs of strongly stained nuclei, most likely the product of a cell division, were detected both in airway and alveolar non-endocrine epithelial cells as well as in some endocrine cell clusters (Figs. 1, 4) . The mean percentage of proliferative CGRP-IR cells both in hypoxic and normoxic animals is given in Table  1 for the cells located in the respiratory epithelium, airways and the combination of both. No statistically significant difference in the ratios of proliferating to nonproliferating endocrine cells was found between hypoxic and normoxic animals in the airways (P=0.27) or in the respiratory epithelium (P=0.96) or when both sets of cells were combined (P=0.49). Power calculations showed that if there had been a difference of 5 percent points between the means of the two groups, this would have been detected to be significant with a probability of 78% for the airways, 46% for the respiratory epithelium and 90% for the combination. For a difference of 10 percent points, the probabilities were >99%, 96% and >99%, respectively. Considering the CGRP-IR cells of normoxic and hypoxic rats as a single popula- tion, the percentage of proliferative endocrine cells was higher in the respiratory areas than in conducting airways, the mean difference between them being 3.4% (SEM =0.8%, P< 0.003).
Discussion
This study demonstrates that synthesis of DNA occurs in pulmonary CGRP-immunoreactive endocrine cells of adult rats, but that the proportion of cells undergoing this synthesis is not changed significantly by hypoxia.
BrdU study
The proliferating activity of a cell population can be estimated by the percentage of cells that are labelled by a pulse exposure to 3H-thymidine (Baserga 1965) or to thymidine analogues such as BrdU. Nuclear BrdU incorporation is not strictly an index of cell division but of DNA synthesis. Nevertheless, all cells must synthesize DNA in order to double their DNA content before undergoing a mitotic division. Thus, if the cell cycle is not blocked and there is no cell destruction, the amount of cells that enter the S phase and incorporate BrdU should be equivalent to the amount of cells that will subsequently enter the mitotic phase. Indeed, the widely used labelling index studies are based on the assumption that the mitotic rate is directly related to the rate of entry into the S phase. Previous studies of the non-endocrine cell population of the adult rat lung by use of 3H-thymidine incorporation showed a very low proliferative activity (Bertalanffy et al. 1964; Shorter et al. 1964; Cagle et al. 1990 ) for these cells. For studies of the endocrine cell population of the adult rat lung, short pulses of 3H-thymidine produced negative results (Hernandez-Vasquez 1978), probably because of the short exposure to the drug used. Our pilot studies, administering BrdU dissolved in the animals' drinking water, gave very inconsistent results, some of the rats having no immunocytochemically detectable drug. Continuous infusion through osmotic minipumps as in previous studies (Tatematsu et al. 1987) was therefore applied for this study.
Double immunocytochemistry for BrdU and CGRP
BrdU-incorporation immunocytochemistry has been used to investigate the proliferation of a particular cell 13 type in a given tissue (McNicol and Duffy 1987; Davidson et al. 1989; Robertson et al. 1990; Sapino et al. 1990 ) and also to evaluate the growth kinetics of airway epithelium in hamster development (McDowell et al. 1990) . Many of these studies have applied only morphological criteria to detect the cell type that is the object of study. Double immunocytochemistry with BrdU has the advantage of more accurate detection of the particular cell type, especially if, like the endocrine cell, it is present as isolated cells spread among the other components of the tissue.
Endocrine cell proliferation
The proliferative pattern reported for endocrine cells of the lung in mammals so far is markedly different from that of other epithelial cells in the airways, even in development. Studies of 3H-thymidine incorporation by late gestational Syrian hamster lungs (Hoyt et al. 1990 (Hoyt et al. , 1991 show a smaller proliferative activity of the endocrine cells than of the rest of the growing epithelium. When the marker was infused continuously over the last 4 gestational days, all the non-endocrine cells were labelled whereas many of the endocrine cells were not. In another series of experiments (McDowell et al. 1990) , in which the marker was given as a short pulse 2 h before killing the dam, no endocrine cell labelling could be shown. Hernandez-Vasquez et al. (1978) reported that NEBs in normal adult rats neither take up 3H-thymidine nor undergo mitosis within 24 h after injection of the label. In the same species, 60 min of exposure to the drug gave similar negative results but, 8 days after the injection, 0.5% of the argyrophilic endocrine cells showed radiolabelling (Linnoila 1982) . The lack of mitotic figures and the results with 3H-thymidine have led several authors to propose that the endocrine cells in the lung are under some kind of mitotic arrest (Hernandez-Vasquez et al. 1978; Hoyt et al. 1990 ). We have not found any endocrine cell undergoing mitosis, but we have detected the S-phase marker in the nuclei of many endocrine cells. There are two possible explanations for the apparent contradiction between our results and those of the authors quoted. The first is that the longer exposure period, and the high sensitivity of the double immunocytochemical technique, is able to reveal a very slow process of endocrine cell division that could have been missed in other studies with shorter exposure times. Alternatively, the DNA synthesis that we have detected could have occurred before the cell was differentiated to become endocrine, when a precursor cell took up the drug and divided. The non-endocrine cells immediately adjacent to the endocrine cells are the most likely candidates for this precursor role. In the development of several mammals, endocrine cell clusters appear to derive from clear undifferentiated cells (Sorokin et al. 1982; Sarikas et al. 1985) . BrdU-labelling studies on the development of the conducting airway epithelium of 15-day-fetal hamsters show a disproportionately high number of labelled presecretory cells located very close to the NEBs both lateral to and within their non-endocrine caps. Linnoila (1982) suggested that the occasional labelling of endocrine cells in adult rats corresponds to the migration of adjacent uncommitted non-argyrophilic cells into the NEBs, as a normal method of regeneration. The difficulties of combining a good autoradiographic demonstration of the proliferation with the morphological detail necessary to distinguish the different cell types involved have previously prevented a conclusion. Our results now show clearly the proliferation marker to be present in both the endocrine cells and the adjacent epithelial cells. The lack of mitosis in the endocrine cells and the fact that labelled endocrine cells tend to be located in the periphery of any cluster lends support to our hypothesis that differentiation of CGRP-immunoreactive cells follows the proliferation of a precursor cell at the periphery of the cluster. Such a process of renewal through maturation would be similar to that described for gastrointestinal endocrine cells (Hattori et al. 1977; Tsubouchi and Leblond 1979) and taste buds (Beider and Smallman 1965) . Similarly, Hoyt et al. (1991) found, in developing hamster lung, a higher proliferative activity around NEBs than in more distant epithelial regions.
The difference detected in the proportion of CGRPimmunoreactive cells between the airways and the respiratory epithelium supports previous suggestions that pulmonary endocrine cells do not represent a functionally and structurally homogeneous population. In rat lung, McBride et al. (1990) have shown an increased CGRP content in the peripheral endocrine cells compared to that of cells in the airways. However, whether differences in CGRP content and in proliferative status correspond to a real distinction of two cell subpopulations is not known.
Effect of hypoxia on the proliferation of CG RP-immunoreactive cells
The present study suggests that a difference in the proliferative status of CGRP-immunoreactive lung endocrine cells in hypoxia should be ruled out as an explanation for the apparent increased number of cells detected in several hypoxic situations (Keith and Will 1982) . The small proportion of proliferative endocrine cells and the non-significant difference between normoxic and hypoxic rats are not compatible with the hyperplasia that has been proposed by other groups for the cells in this experimental condition (Pack et al. 1986 ). Springall et al. (1988) have proposed that the apparent increase in endocrine cells is due to an increase in the amount of stored peptide rather than to endocrine cell proliferation; the number of lung CGRP-immunoreactive cells differed between hypoxic and normoxic rats when a supraoptimal dilution of primary antiserum was used, but with the optimal dilution, no significant difference was found. McBride et al. (1990) used microdensitometry to show that the level of CGRP present in rat lung endocrine cells is increased by 15-20% after 7 days of hypoxic exposure. Some years ago, Hernandez-Vasquez et al. (1978) had already suggested that the difference in numbers of lung endocrine cells between the 29-day fetus and the 1-day old rabbit were due either to regranulation or acquisition of argyrophilic material or to differentiation of other epithelial cell types.
